ABSTRACT
Long-term field data 131

Data collection 132
We obtained prevalence data for A. rigaudi and E. artemiae from 94 samples of Artemia spp., 133 collected at 14 different sites in the Aigues-Mortes saltern between 2008 and 2015 (Table 1) . 134
There was no visible swarming behavior at any of the sampled locations at the time of collection 135 (swarming skews microsporidian prevalence, Rode et al. 2013b ). Samples were either processed 136 immediately after collection, or stored in 96% ethanol and processed later; this prevented any 137 infection-specific mortality from skewing the results. We tested a random subset of adult A. 138 parthenogenetica and/or A. franciscana from each sample for the presence of A. rigaudi and E. 139 artemiae (mean = 26.8 Artemia individuals/sample, sd = 24.3). In samples which contained both 140
A. parthenogenetica and A. franciscana, we usually tested for infection in both host species. 141
Testing was done by PCR using species-specific microsporidian primers, following Rode et al. 142 (2013a) . 143
In addition to prevalence data, we had environmental and demographic data for most of the 144 samples; we call these variables "sample-specific variables". First, we knew whether each8 sample came from a low-, middle-or high-salinity site. The absolute salinity at any given site 146 can change dramatically from one day to the next if the water flow in the saltern is redirected. 147
However, the structure of the saltern means that the salinity at some sites is always lower, higher, 148 or roughly equal to the average salinity of the saltern at that time. We classified these as low-, 149 high-, and middle-salinity sites, respectively (n = 7, 3, and 3 sites; Table 1 ). This relative 150 classification acts as a residual of salinity after seasonal effects are taken into account, and is not 151 sensitive to the large variability of the absolute salinity measures. We were unable to assign a 152 classification to Site 5, for which we lacked salinity information, or to the 8 samples with an 153 unknown sampling site. Second, we had information on the species composition of each sample: 154 whether it contained both A. franciscana and A. parthenogenetica (n = 65 samples), only A. 155 franciscana (n = 25 samples), or only A. parthenogenetica (n = 3 samples). One sample had an 156 unknown species composition. 157
Statistical analyses 158
The goal of our statistical analyses was to identify whether host community composition affected 159 the prevalence of A. rigaudi and E. artemiae, while controlling for the two major environmental 160 factors in the saltern (temperature and salinity). To do this, we analyzed the prevalence data of 161 each microsporidian species in two steps: first, a general model of the prevalence over time; 162 second, a more complex model that included sample-specific variables. All analyses were 163 performed using generalized additive mixed models (in R version 3. Samplej was retained in all of the compared models. The resulting optimal models are hereafter 179 referred to as the 'general models'. 180
Second, we investigated whether prevalence was affected by host species composition (our 181 variable of interest) and the sample-specific salinity (which we wish to control for), 182 independently of the variation already explained by our general models. We restricted our dataset 183 to observations of A. franciscana, because we had no power to test the effect of species 184 composition on prevalence in A. parthenogenetica (the latter was only present by itself in three 185 samples). We further restricted our dataset to sites where the salinity classification and the 186 species composition were known (n = 62 observations in total). For each microsporidian species, 187
we used the general model from the previous section as a null model, and compared it to 188 alternative models with added sample-specific terms. We modelled Prevalenceij = (fixed terms 189 of the general model) 
Experimental tests of microsporidian infectivity 203
The results of our long-term field data revealed variation in prevalence among host species and 204 on a seasonal basis (see Results). Since field patterns may not reflect functional relationships, we 205 performed two experiments testing the infectivity of A. rigaudi and E. artemiae in each host and 206 at two temperatures. In both cases, we detected infection using the PCR protocol described by 207 Rode et al. (2013a) , and we relied on their finding that an infection is detectable 5-6 days after 208 the host has been exposed to parasite spores. 209 From each recipient group, 10 individuals were exposed to infection at 15°C, 10 individuals 226 were exposed to infection at 25°C, 5 individuals served as negative controls at 15°C, and 5 227 individuals served as negative controls at 25°C. The recipient individuals were infected via 228 exposure to infected 'donor' hosts. Donor hosts were a mixed group of A. parthenogenetica and 229
A. franciscana, collected from sites in the Aigues-Mortes saltern with high prevalences of A. 230 rigaudi and E. artemiae (as ascertained by preliminary PCRs). Using a field-sampled group of 231 mixed donors mimicked natural transmission conditions. Groups of 15 donors were placed in 232 strainers above the jars of 10 recipient hosts. This allowed spores to pass through, but kept 233 donors and recipients from mixing (Rode et al. 2013b ). The strainers were rotated every 45 234 minutes to ensure randomized exposure. Exposure lasted for 9 hours, followed by a 6-day12 incubation period. On day 6 of the incubation period, the surviving individuals were sacrificed 236 and tested for the presence of A. rigaudi and E. artemiae as described previously. artemiae was present in the field in winter (see Results), we could infer that its low transmission 247 success at 15°C must be due, at least in part, to indirect effects on the hosts. However, for A. 248 rigaudi, which was not found in the field in winter (see Results), it was important to disentangle 249 these confounding effects. To do this, we designed an experiment to compare the effects of 250 temperature and incubation time on (detected) infectivity, while maintaining a standardized spore 251 dose. We limited this experiment to testing A. rigaudi infecting A. franciscana. 252
In this experiment, we allowed A. rigaudi infections to incubate at 15°C or 25°C for different 253 lengths of time (6 days vs. 12 days). We exposed adult A. franciscana from an uninfected 254 laboratory stock population to feces containing A. rigaudi spores. The feces were collected from 255 a laboratory stock of Artemia spp. infected with A. rigaudi; the spore concentration was 256 unknown. Exposure occurred in groups: six groups of 20 hosts were placed in 50 mL autoclaved 257 brine and 2.8 mL fecal solution was added. Four groups were exposed at 15°C, while two groups13 were exposed at 25°C. Exposure lasted two days, during which time all spores could be ingested 259 (Reeve 1963 ). After two days, hosts were separated and each individual was placed in a 260 hemolymph tube containing 2.5 mL brine; this prevented between-recipient infections later in the 261 experiment. The infection was allowed to incubate at the exposure temperature for four days, 262 after which half of the surviving hosts from each group were sacrificed, and two of the groups 263 exposed at 15°C were moved to 25°C. After a further six days of incubation, all remaining hosts 264 were sacrificed and tested for the presence of A. rigaudi. 265
Statistical analyses 266
Statistical analyses of the experiments were performed using generalized linear mixed models 267 significance of the predictors was tested using likelihood ratio tests. 270
For Experiment 1, we analyzed the probability of detecting an infection separately for A. rigaudi 271 and E. artemiae. Fixed effects included Temperature, a Species/Genotype factor, and their 272 interaction. As we expected to find differences among the A. parthenogenetica clones (Rode et 273 al. 2013b ), but could not distinguish between the mixed-together A. franciscana families, the 274 Species/Genotype factor comprised 5 levels: A. franciscana, A. parthenogenetica P6, A. 275 parthenogenetica P7, A. parthenogenetica P8, and A. parthenogenetica P9. We included 276
Recipient group as a random effect to control for shared genetic and environmental effects. 277
For experiment 2, our statistical analyses used Exposure temperature, Periods incubating at 278 15°C, and Periods incubating at 25°C as fixed effects (with one period equal to six days), with 279 parasite DNA present in the host (i.e. intra-host parasite reproduction). 282
RESULTS
283
Long-term field data 284 First, we described the prevalence dynamics for A. rigaudi and E. artemiae throughout the year 285 (Fig. 3 , Supp. Table 1 ). Anostracospora rigaudi was strongly seasonal: it was highly prevalent 286 from August to October, but absent in winter (Month effect, ΔAICc ≥ 52.7; Fig. 3A & B) . These 287 seasonal dynamics were not different in the two hosts, but its prevalence was higher in A. ΔAICc ≥ 4.8; Fig. 3C & D) . Overall, E. artemiae was more prevalent in A. franciscana (Fig. 3D  294 vs. C). 295
Next, we introduced sample-specific effects to the general models, investigating the effects of 296 salinity and the presence of A. parthenogenetica on the prevalence of the microsporidians in A. 297 franciscana (Fig. 4 , Supp. Table 2 ). For A. rigaudi, the species composition had a strong effect 298 (ΔAICc ≥ 5.0): in the absence of A. parthenogenetica, the prevalence of A. rigaudi was almost 299 always 0%, and never higher than 10% (Fig. 4B) . In contrast, in the presence of A. 300 parthenogenetica the prevalence could be very high, and the seasonal dynamics found in theclassification (ΔAICc = 2.1), with the high-salinity sites typically having lower prevalences. For 303 E. artemiae, the salinity classification had no effect, and there was little support for an effect of 304 species composition (ΔAICc ≤ -2.1). 305
Finally, coinfection rates varied from 0% to 83% in our samples. Infection with A. rigaudi and E. 306 artemiae was independent for A. parthenogenetica (Mantel-Haenszel χ 2 (1) < 0.1, p = 0.83, 307 common odds ratio = 0.8), but was positively associated for A. franciscana (slightly more 308 coinfection observed than expected; Mantel-Haenszel χ 2 (1) = 5.1, p = 0.02, common odds ratio = 309 1.9). 310
Experimental tests of microsporidian infectivity 311
Experiment 1: Effect of temperature and host/genotype on transmission 312
The P8 genotype of A. parthenogenetica and the F4 replicate of A. franciscana were previously 313 infected (all controls tested positive for A. rigaudi and E. artemiae, respectively), so these 314 recipient groups were removed from the analysis. Surprisingly, the previous infections appeared 315 to have an inhibitory effect: none of the exposed P8s were infected with E. artemiae at the end of 316 the experiment (n = 38), and none of the exposed F4s were infected with A. rigaudi (n = 21). 
DISCUSSION
335
When a parasite infects multiple host species, we cannot gain an adequate understanding of its 336 epidemiology and evolution without knowing which of the host species actually contributes to its 337 transmission and maintenance. In this study, we exploit natural variation in the composition ofA. franciscana in the absence of A. parthenogenetica (Fig. 4) . The presence of the parasite in A. 347 franciscana must therefore be dependent on regular re-introductions from A. parthenogenetica, 348 its maintenance host. This result is robust to variation in temperature (the effect can be found in 349 every season, seasonal environmental factors (see Fig. 1 ). We therefore predict that the third possibility is most 363 probable, namely that A. franciscana is a poor host for A. rigaudi because infected hosts produce 364 few spores. Further experimental studies will be needed to confirm this hypothesis. 365
The contrast between A. rigaudi's generalist infectivity and status as a spillover parasite is E. artemiae may be a spillover or a facultative multi-host parasite 387
Our prevalence data identified E. artemiae as either a spillover or a facultative multi-host 388 parasite, but was insufficiently powerful to distinguish between the two possibilities. We were 389 unable to analyze the ability of E. artemiae to persist on A. parthenogenetica because only threeof our samples did not contain A. franciscana. Although these three samples were E. artemiae-391 free, this may have been due to chance. Based on our experimental test of infectivity, however, 392 we suspect that E. artemiae is also a spillover parasite, in this case from A. franciscana to A. 393
parthenogenetica. At high temperatures, E. artemiae is very infective in A. franciscana and the 394
A. parthenogenetica genotype P9, but not at all in the genotypes P6 and P7 (Fig. 5B) still merited. Since we only tested a small number of genotypes, it is possible that our results 400 would change given a more thorough evaluation of the within-host genetic variation for 401 resistance (cf. Luijckx et al. 2014) .) The spillover effect of E. artemiae might therefore be even 402 stronger than that of A. rigaudi, as the former appears to be more specifically infective than the 403 latter. In the absence of conclusive evidence, however, this microsporidian serves as an excellent 404 example of the difficulty of using observational data to identifying host contributions to parasite 405 success (see discussion below). 406
Presence of maintenance hosts shapes parasite seasonality 407
When comparing the seasonal prevalence patterns of A. rigaudi and E. artemiae (Fig. 2) with the 408 seasonal changes in host community composition (Fig. 1C) , it quickly becomes clear that the two 409 are linked. Anostracospora rigaudi's maintenance host, A. parthenogenetica, is entirely seasonal, 410 being completely absent in winter and highly prevalent in late summer and autumn; logically, 411 therefore, A. rigaudi is also strongly seasonal. In contrast, E. artemiae is able to persist 412 throughout the year, with no overarching seasonal prevalence pattern. By testing infectivity at 413 warm and cool temperature, and comparing the two parasites, we can gain further insight into A. 414 rigaudi's absence in winter. Although low temperatures did slow parasite reproduction within 415 the host when tested in A. rigaudi (Fig. 5) , they did not make infection impossible for either 416 parasite (A. rigaudi: filled triangle in Fig. 5; E. artemiae: open circles in Fig. 4B) , and clearly do 417 not preclude persistence of E. artemiae (Fig. 2D) . Therefore, it is possible that A. rigaudi could 418 persist in winter, if given the opportunity to do so by the presence of A. parthenogenetica. We 419 therefore conclude that the general prevalence patterns of A. rigaudi and E. artemiae are 420 predominantly shaped by host specialization, and not by environmental factors. 421
The seasonal cycles of A. rigaudi in its spillover host A. franciscana are of particular interest 422 (Fig. 2B) . These are clearly caused by the seasonal presence of the maintenance host A. hemorrhagic disease when it spills over to humans. They found that viral infections in bats 432 peaked during birthing seasons, and that 83% of spillovers to humans occurred during these 433 peaks. Such cases highlight the interconnected nature of communities hosting multi-host 434 parasites, and are obviously of particular interest for the establishment of control strategies.
In this study, we used variation in the composition of natural host communities to investigate 437 how each host contributes to the maintenance of a shared parasite. The strength of this approach 438 is illustrated by the results for A. rigaudi: we obtained direct evidence that under natural 439 conditions, it is a spillover parasite dependent on A. parthenogenetica and unable to persist in A. 440 franciscana. This conclusion, which we could not have drawn from tests of infectivity alone, has 441 crucial consequences for our interpretation of the dynamics and evolution of both parasite and 442 host. On the other hand, the results for E. artemiae highlight an important weakness of the 443 method, namely that all possible combinations of communities must be sampled in order to 444 obtain conclusive evidence. If one combination does not occur in the field, this constraint is 445 inescapable. In this case, methods based on the construction of full epidemiological models, such 446 as those described by Fenton et al. (2015), may be more useful. These methods first quantify 447 each host's contribution to parasite transmission using observed data on host abundance, parasite 448 prevalence, and parasite shedding; they then infer the consequences for persistence from these 449 results. While these techniques require the accurate measurement of all relevant parameters and 450 an adequate mathematical description of the epidemiology, they are not dependent on wide-scale 451 sampling across communities. Such methods are therefore useful where large-scale sampling is 452 difficult or community composition is invariable, while the natural experiment approach could 453 be particularly suited to highly variable and regularly sampled multi-host systems (e.g. Daphnia, (experiment 2). Groups of individuals were exposed to A. rigaudi and maintained at 15°C or 680 25°C for six or twelve days, after which they were sacrificed and tested. Two groups were 681 exposed and maintained at 15°C for the first six days, and then moved to 25°C for the remaining 682 six days. Vertical lines represent the 95% confidence intervals. 
